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In the present study, the flow fields generated by two synthetic jets with a chevron and a conventional
circular nozzle exits are studied and compared. For both configurations, the devices are operated at the
same input electrical power, thus leading to Reynolds and Strouhal numbers equal to 5600 and 0.115 (for
the circular exit) and 6000 and 0.106 (for the chevron exit). Phase-locked stereoscopic particle image
velocimetry measurements are used to reconstruct the three-dimensional coherent vortex structures.
Time-averaged and phase-averaged mean and turbulent statistics are analysed and discussed. The flow
field strongly depends on the exit geometry. In presence of the chevron exit, the conventional vortex ring
issued through the circular nozzle exit, is replaced by a non-circular vortex ring with additional stream-
wise vortices. The mutual interaction between these structures prevents the axis-switching of the non-
circular vortex ring during its convection. These streamwise vortices disappear convecting downstream
and the vortex ring assumes a circular shape. Comparing the two configurations, the chevron exit gener-
ates a larger time-averaged streamwise velocity along the centreline but with lower turbulent kinetic
energy intensity. Differences are also present between the notch and the apex planes of the chevron exit.
In the notch plane, both the time-averaged axial velocity component profile in the spanwise direction and
the shearlayer width are wider than in the apex plane. Furthermore, the presence of the streamwise vor-
tices causes a flow motion towards the jet axis in the apex plane and an opposite motion in the notch
plane.
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1. Introduction tion criterion is satisfied a train of vortex rings, generated along the

shear layer that rolls up at the nozzle exit edge, convects away

Synthetic-jets actuators, also called zero-net-mass-flux actua-
tors, are promising devices used in the fields of flow control [1-
5] and heat transfer enhancement [6-10]. These devices are made
by a cavity bounded by an oscillating membrane, and by an orifice
plate. They transfer momentum from the oscillating membrane to
the fluid in which they are embedded, without the need of active
mass injection. For this reason, such jets are widely used in lowcost
and lowspace applications. Furthermore, they can be easily
designed by using a lumped method [11-13].

Synthetic jets are characterized by an ejection and a suction
phase. During the former, a slug of fluid, necessary to synthesize
the jet, is ejected through the same opening used as inlet during
the suction stage. More in detail, the momentum transferred to
the fluid inside the cavity has to be large enough to overcome
the suction forces associated with the ingestion stroke and the
effect of the exit geometry [14]. A formation criterion was pro-
posed by Holman et al. [14] for round and slot orifices. If the forma-
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from the exit generating a steady turbulent jet. Under certain par-
ticular conditions, each vortex ring may be followed by a column of
fluid called trailing jet. The existence and extension of the trailing
jet depend on the Strouhal number [15]. The Strouhal number and
the Reynolds number are the dimensionless parameters which
govern the synthetic jet flow field. They are defined as follows:

Sr=D/Ly = fD/U, (1)

Re = pUoD/pt (2)

where Uy is the characteristic velocity of the jet, D is the character-
istic length, f is the oscillating frequency of the membrane, p is the
fluid density, u is the fluid dynamic viscosity and L, is the stroke

length (defined as Uy/f). According to Smith and Glezer [16], the
reference velocity Uy is defined as U, :%‘(',T/zue(t) dt, where 7 is
the actuation period and u, is the velocity along the jet centreline
at the exit section.

A general approach to characterize synthetic jets is to compare
the flow field with an equivalent continuous jet at the same Rey-
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Nomenclature

D nozzle exit section diameter, m

f oscillating frequency of the membrane, Hz

fa numerical aperture

fo acquisition frequency, Hz

k natural number

Lo stroke length, m

N number of the instantaneous vector fields for a given
phase angle

Q second invariant of the velocity gradient, s—2

Re Reynolds number

Sr Strouhal number

T time, s

At time separation between the two laser pulses, s

Ax distance between two subsequent planes, m

TKE time-averaged turbulent kinetic energy, m? s—2

(TKE) phase-averaged turbulent kinetic energy, m? s—2

Uy reference velocity, m s™!

U,V, W time-averaged x, y and z velocity components, m s}

u, v, w instantaneous x, y and z velocity components, ms~!

(u), (v), (w) ?hase—averaged X, ¥y and z velocity components,
ms

Ue axial velocity along the jet centreline at the exit section,
ms!
X-, y-, z- spatial coordinates, m

Greek symbols
air dynamic viscosity, Pa s

p air density, kg m~3

T actuation period, s

13 phase angle, °

Wy X vorticity component, s~
w, z vorticity component, s~!

Abbreviations

FOV field of view

Stereo-PIV stereoscopic particle image velocimetry
2D two-dimensional

3C three-component
Subscripts
c centreline

nolds number. Smith and Glezer [16] were the first that described
the formation and evolution of synthetic jets. They synthesized the
turbulent synthetic jet by the interaction of a train of counter-
rotating vortex pairs generated by a timeharmonic motion of a
membrane. They showed the absence of vortex pairing phenom-
ena, but each vortex independently undergoes transition. The tra-
jectories of vortices at a given formation frequency scaled with the
length of the ejected fluid, i.e. stroke length. Near the jet exit plane,
their celerity decreases monotonically with streamwise distance
while the local mean velocity of the ensuing jet increases. The com-
parison with the continuous jet showed similarities in the far field
(x/D > 10). A more complete characterization of the flow field gen-
erated by a synthetic jet was performed by Cater and Soria [17].
They compared the mean and the statistical flow quantities of a
circular synthetic jet and an equivalent continuous circular jet at
Re = 10,000. The synthetic jet showed both larger spreading rate
and centreline velocity decay with respect to the circular continu-
ous jet, while similar cross-stream velocity distribution. These dif-
ferences were attributed to the formation of coherent vortex ring
structures near the exit of the jet. A similar comparison was carried
out by Smith and Swift [ 18] on synthetic and continuous jets with a
rectangular exit at Re = 2000. They showed that, independently on
the exit geometry, the synthetic jet is characterized by larger
entrainment, spreading rate and centreline velocity decay. The lar-
ger spreading rate was attributed to the larger entrainment in the
near field caused by the unsteady vortex ring formation at the noz-
zle exit.

The enhancement of both jet entrainment and flow mixing is
relevant to increase the heat transfer performance of jets [19]. A
possible way to act on these two factors is to alter the development
and evolution of coherent structures by modifying the jet nozzle
exit. In particular, chevron nozzle have been used as axial-
vorticity generator to achieve aeroacoustics noise reduction [20],
heat transfer [21] and combustion [22] enhancement. Chevrons
are sawtooth-like patterns installed at the nozzle exit. They redis-
tribute the spanwise vorticity generating streamwise vortices,
which can be controlled by acting on the geometry of the vortex
generators. Zaman [23] studied the effects of vortex generators

and of periodic excitations in a free jet with a rectangular nozzle
exit. He observed a deformation and reorientation of the rolled-
up azimuthal vortical structure that causes the axis switching phe-
nomenon. He showed that the axis-switching, caused by the
dynamic of the azimuthal vortical structures, can be controlled act-
ing on the number and location of the vortex generators. On the
same line of research, Grinstein et al. [22] conducted an experi-
mental and numerical study on a round jet excited by an acoustic
driver and equipped with vortex generators installed upstream of
the nozzle exit. The flow field was characterized by the self-
deformation of the non-circular vortex ring; the dynamic of the
large coherent structures affected the mixing pattern resulting in
regions of localized inactive combustion and regions with
enhanced mixing, entrainment and intense combustion. The mix-
ing enhancement mechanisms associated with streamwise vor-
tices were computationally and experimentally studied by Waitz
et al. [24]. They stated that the mixing enhancement is caused by
two main phenomena: the increase of the interfacial surface area
between two fluids with different properties (e.g. chemical compo-
sition, momentum or energy) and the increase of the magnitude of
local gradients in the direction normal to the interface.

Focusing on the chevron nozzle, Violato et al. [21] experimen-
tally studied the flow field and the associated heat transfer features
of an impinging chevron continuous jet further comparing it with a
circular jet. The chevron jet did not show the generation of vortex
rings due to the Kelvin-Helmholtz instabilities, but it was charac-
terized by counter-rotating streamwise vortices at the notches.
Compared to the circular configuration, the heat transfer rate
was enhanced using the chevron nozzle. At the centre of the
impinging area, the chevron jet exhibited larger heat transfer rate
with respect to the circular jet, with maximum enhancement of
44%. According to Violato et al., the enhancement was caused by
the development of streamwise vortices which, compared with
the toroidal vortices, were associated with a deeper penetration
of turbulent induced mixing and to a higher arrival speed.

Based on the previous works, chevrons improve both mixing
and entrainment characteristics of jets through the rearrangement
of the vorticity at the nozzle exit. The presence of the chevron
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nozzle may lead to an early breakup of the train of vortex rings pre-
venting the generation of the synthetic jet. For this reason, in the
present work, stereoscopic PIV measurements of the flow field gen-
erated by a chevron synthetic jet are carried out. The jet formation
and its evolution are studied. The flow field is then compared with
that of an equivalent circular synthetic jet, operated at the same
input electrical power.

2. Experimental set-up and data reduction technique
2.1. Experimental set-up

Experiments are carried out on two synthetic jet devices with a
circular and a chevron nozzle exit (Fig. 1). In order to generate the
synthetic jet, the contoured nozzle is coupled with a loudspeaker
(Audiola SBL 20N BL) of diameter equal to 100 mm (Fig. 1a). The
contoured nozzle and the chevron cap used in this work are
detailed described in Violato and Scarano [25] and Violato et al.
[21]. The round nozzle has an exit diameter (D) of 10 mm, it is
125 mm long and it has a contraction ratio of 56:1. The chevron
synthetic jet is realized by applying a chevron exit cap (Fig. 1b)
on top of the round nozzle. The chevron exit has six chevron ele-
ments 4.5 mm high and inclined towards the jet axis of 18.2°, thus
resulting in a penetration depth of 1.48 mm.

The resonance frequency of the system in both configurations is
experimentally determined by measuring the loudspeaker impe-
dance. The system is characterized by two resonance frequencies
equal to about 80 Hz and 300 Hz. The loudspeaker is driven by a
sinusoidal input signal with a frequency of 96 Hz by a Diligent
Inc. Analog Discovery® coupled with an amplifier. At this working
frequency the impedance of the two synthetic jet configurations
differs of less than 1.5%. The system is operated with electrical
power equal to 5.2 W. Under these operating conditions, the Rey-
nolds number (Eq. (1)) is equal to 5600 and 6000 and the Strouhal
number (Eq. (2)) is equal to 0.115 and 0.106 for the circular and the
chevron configurations, respectively. They are estimated by mea-
suring the axial velocity component along the jet centreline at
0.6 D from the nozzle exit, which is the closest point to the exit
plane of the round nozzle in the field of view (FOV).

The origin of reference system is fixed at the centre of the round
nozzle exit section. The x-axis is aligned with the jet centreline and
the y- and z-axes lie in the plane perpendicular to the x-direction,

D
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Diaphragm

Frame
Magnet

(a) (b)

Fig. 1. Synthetic jet device: (a) sketch of the jet device and (b) of the chevron cap.

forming a clockwise reference system. A sketch of the adopted ref-
erence system is reported in Fig. 2.

2.2. PIV measurements

Stereoscopic particle image velocimetry (Stereo-PIV) [26] is
used to measure the instantaneous two-dimensional (2D) three-
component (3C) velocity field. Particle images are acquired in the
x-y plane passing through the jet axis. In presence of the chevron
exit, x-y planes including both the apex (A, Fig. 1b) and notch (N,
Fig. 1b) are investigated.

Furthermore, phase-locked scanning Stereo-PIV measurements
are carried out in order to reconstruct the three-dimensional
(3D) coherent vortex structures. The 3D reconstruction is carried
out recording particle images in the crosswise y-z plane as follows:
for a given phase the position of the vortex core cross-section is
detected by looking at the streamwise measurements. Then, the
synthetic jet device is placed with the x-axis perpendicular to the
laser sheet, on a slide with micrometre accuracy and the flow field
is scanned along the x-direction with 33 equidistant planes across
the vortex core (Fig. 2b). The distance between two subsequent
planes is set to Ax = 0.5 mm. For each plane 500 double frame par-
ticle images are acquired. Three phases are investigated corre-
sponding to a vortex ring position at about x/D = 1.75, 3 and 4.5.

Oil droplets with a diameter of approximately 1 pum are used to
seed the flow. Illumination is provided by the Quantel Evergreen
laser that is a double pulsed Nd:YAG laser (532 nm, 200 mJ per
pulse, <10 ns pulse duration). The time separation between the
two laser pulses is set to At =8 ps and to At =6 ps for the stream-
wise and the crosswise plane, respectively. The laser sheet thick-
ness is about 1 mm. Particle images are recorded by two Andor
Zyla sCMOS cameras (2160 x 2560 pixels, 16 bit, 6.5 pm per pixel)
equipped with Scheimpflug adapters and Tokina 100 mm focal
length objectives set at numerical aperture fz = 16. The resulting
digital resolution is 50 pixels/mm. The measurement domain in
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Fig. 2. Sketch of the experimental set-up: Stereo-PIV system and measurement
domain for (a) streamwise and (b) crosswise measurement planes.
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the x-y plane (Fig. 2a) ranges between 0.6 <x/D <5.6 and -2 <y/
D <2, while in the crosswise y-z plane (Fig. 2b) ranges between
—2<y/D<2 and —2.8 <z/D<2.2. The acquisition system is syn-
chronized with the synthetic jet in order to perform phase-
locked measurements. The synchronization is realized by using a
Digilent Inc. Analog Discovery®. The input signal to the loud-
speaker is used also as trigger for the acquisition system. The
acquisition is performed at the frequency f, estimated following
Greco et al. [27]. The phenomenon is sampled with a 12° phase
separation. In order to obtain reliable turbulent statistics, 15,000
double frame particles images (500 for each phase) are recorded.
A multi-pass algorithm with windows deformation and Black-
man weighting windows [28-31] is used to compute the velocity
fields. The final interrogation window size is 32 x 32 pixels with
an overlap of 75%, thus resulting in a vector pitch of 0.16 mm
(approximately 62 vectors per D) for the streamwise measure-
ments. Differently, for the crosswise measurements the final inter-
rogation window size is 24 x 24 pixels with an overlap of 75% and
vector pitch of 0.12 mm (approximately 83 vectors per D). A nor-
malized median validation criterion [32] is applied to remove spu-
riously detected vectors. The uncertainty in displacement, related
to the peak localization, is the main contribution to velocity uncer-
tainty. For the given particle size (approximately 3 pixels), image
noise and particle displacement, the random error is found to be
approximately 2% of the instantaneous velocity in the jet core.

2.3. Data reduction

The velocity triple decomposition scheme [33] is used for the
data analysis:
ui(x,t) = Ui(%) + w;(x, t) + ug(x, t) 3)
where u; is the i-th instantaneous velocity component (u; = u,
u; = v, u3 = w), X = (x,¥,2), U; is the timeaveraged velocity compo-
nent, ij; is the phasecorrelated velocity component and u;] is the tur-
bulent fluctuations. They are defined as follows:

oo i } [uts0
(ui(x.£)) = lim NZu Xt +kT) (5)
ﬂz(x t) = <ul(xa t)> - U,(X) (6)

— (ui(x, 1)) (7)

where u;(x,t) is the phase-averaged velocity component, N is the
number of the instantaneous fields at the same phase, k is an inte-
ger and 7t is the time period of the wave produced by the
loudspeaker.

The time-averaged (TKE) and the phase averaged (< TKE >) tur-
bulent kinetic energy can be computed as

TKE = Zm/z (8)

(TKE) =) _(ujuf)/2 9)

i

where Ut} and (uju;) are the time-averaged and phase-averaged
Reynolds stresses, respectively.

3. Results

In this section, the mean and statistical flow fields generated by
both the circular and chevron synthetic jets are discussed and com-
pared. Since it has been experimentally proved that the flow fields
in the x-y plane are symmetric with respect to the jet centreline,
data are further averaged using the two mid-planes and then mir-
rored for easy of interpretation. As a consequence, measurements
noise is further reduced.

In the following, the starting phase ¢ = 0° is considered as the
phase corresponding to the first positive axial-velocity value mea-
sured along the jet axis at the most upstream location.

3.1. Time-averaged velocity field

In Fig. 3, the streamwise evolution of the time-averaged axial
velocity component along the jet centreline (U.) is shown. The fig-
ure shows different behaviours of the two devices. More in detail,
for the chevron synthetic jet U, increases faster than the for the cir-
cular jet and it attains its maximum 0.4 D more downstream (x/
D = 2.3). In the decay region, the jet with the chevron exit exhibits
higher U.. Furthermore, for the circular synthetic jet U. decreases
with x~! in agreement with the findings of Cater and Soria [17]
and Mallinson et al. [34] while the chevron one decreases with
X—O,SSI

The mean flow field topology is further discussed by looking at
evolution of the time-averaged axial velocity (U profiles in the y-
direction, Fig. 4). At x/D = 0.6 the circular device (Fig. 4a) shows a
region of constant U across the jet centreline (—0.3 <y/D <0.3).
Furthermore, it shows a change of slope at y/D = +0.65 because of
the long permanence of the vortex ring near the nozzle exit during
the ejection phase, as will be shown in the following Section 3.2.
Moving away from the centreline, a region of negative U is mea-
sured. It is due to the suction phase which affects the flow field
up to x/D=2. Moving downstream, the U profile shows a bell-
shaped distribution. For x/D > 2, the maximum of U along the jet
axis decreases (U, in Fig. 3) and the jet spreads because of the
radial momentum diffusion [35].

The chevron exit geometry acts as an additional converging
nozzle in the apex plane. As a consequence, at x/D=0.6 (see
Fig. 4b), the width of the U profile is smaller than in presence of
the circular exit. Moreover, two small peaks at y/D = +0.2 are mea-
sured. At this streamwise position, regions with negative U are pre-
sent at -1.29<y/D < —-0.74 and 0.74 <y/D < 1.29, and similarly to
the circular configuration, the velocity decays to zero changing
its slope. Moving downstream (x/D > 2), the two small peaks

1.1 T T '
bttt —e— Circular
1.05F S _oees —42— Chevron |
1F ]
bc 0.95 | ]
[
S 3 -0.55
09 \ X —x ]
0.85 ]
0.8 il
0.75 L L 1 . ]
0 1 2 3 4 5 6
x/D

Fig. 3. Time-averaged axial velocity component along the jet centreline (U,) for the
circular and the chevron synthetic jets.
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Fig. 4. Spatial distribution of U in the y-direction at x/D = 0.6, 1.00, 2.00, 3.00, 4.00.
(a) Circular synthetic jet, (b) apex and (c) notch of the chevron synthetic jet.

and the negative U are not detected anymore. From x/D > 2, U
shows the same bell-shaped distribution as for the circular exit.

In the notch plane, the jet is issued from a larger exit area with
same radius of the circular exit. The U profile at x/D = 0.6 is wider
than that of the circular configuration. Similar to the apex plane, a
region characterized by negative U is present and two small peaks
can be observed at y/D = +0.2. In this case, the lateral slope does not
change (Fig. 4c) and this can be addressed to the average lateral
transport of high momentum fluid at the notch [36].

Fig. 5 shows the turbulent kinetic energy behaviour along the
jet centreline (TKE.). The chevron jet lowers the turbulence inten-
sity along the jet centreline, in agreement with Violato and Scarano
[25]. The trend of the TKE, is similar for both configurations show-
ing a reduction followed by an increase. The increase of the TKE, for
the circular synthetic jet is much stronger than that for the chevron
one reaching approximately twice the intensity at x/D = 5.5.

Contours of TKE in the x-y plane are reported in Fig. 6. At x/
D = 0.6, the circular exit (Fig. 6a) shows two local maxima at y/
D = 10.5 (inner high turbulent region) and y/D = £0.85 (outer high
turbulent region). The peak of TKE in the outer turbulent region
is caused by the turbulence production in the vortexring core,
while in the inner turbulent region is due to the shear layer
between the trailing jet and the external quiescent ambient. At
more downstream locations, the inner and outer turbulent regions
merge because of the spreading of both the high turbulent region
and of the shear layer. For both configurations, a low intensity
TKE region is measured across the centreline (i.e., inner region) in
the near field corresponding to the jet width reduction. Down-
stream of this low turbulentintensity region, the TKE increases
and the high turbulent intensity area spreads because of the
growth of the turbulent vortex ring [37].

Focusing on the chevron synthetic jet, the TKE maps (Fig. 6b for
the apex plane and Fig. 6¢ for the notch plane) show that, near the
nozzle exit, the high turbulent region is respectively tighter and
thicker than the one of the circular jet. In the apex plane, the outer
turbulent region is barely visible and, the high turbulence intensity
is measured in the shear layer. Differently in the notch plane, the
high TKE area is thicker because of the presence of both the shear
layer and the vortex ring. At more downstream locations, for both
planes the high turbulent region spreads and the TKE intensity
decreases. On the other hand, a small increase of TKE is measured
at the end of the FOV. For 1.5 < x/D < 4.5, the turbulence intensity
decreases and the turbulence generated by the shear layer prevails
over the one related to the vortex ring. At more downstream loca-
tion this trend is reversed by the prevailing vortex ring effect.

Comparing the TKE intensity levels for the two devices, the
chevron nozzle shows larger intensity in the near field (x/
D <1.5), while lower intensity at more downstream locations.
These findings are in agreement with previous literature on contin-
uous chevron jets [38,39]. This calming effect, as named by Zaman
et al. [20] for continuous jets, may be a consequence of the stream-
wise vortices, which reduce the turbulence in the shear layer.
These aspects will be clearly analysed in the following section.

0.1 T T T T T
—e— Circular
—2— Chevron

Fig. 5. TKE along the jet centreline (TKE,) for the circular and the chevron synthetic
jets.
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Fig. 6. Time-averaged TKE maps for (a) circular, (b) apex and (c) notch planes.

3.2. Phase-averaged velocity field

The phase evolution of the two synthetic jets is discussed by
looking at both the phase-averaged mean velocity and (TKE) fields.
The phase evolution of the circular synthetic jet is reported in the
first column of Fig. 7 where the phase-locked axial ((u)) and the
radial ({v)) velocity components are reported in the top and bot-
tom part of each subplot. The vortex ring, visualized through the
projection of the velocity vectors in the x-y plane, is fully visible
in the measurement area at ¢ = 60°. In the jet core, i.e. the area
embedded between the vortex ring, the (u) is approximately con-
stant in the y-direction up to 0.5 D from the jet axis. At ¢ = 120°,

the region of high (u) is still embedded within the vortex ring
but its intensity decreases. Moreover, in the wake of the vortex
ring, the trailing jet is formed. The vortex ring reduces its intensity
convecting downstream as suggested by the maps of the axial and
radial velocity components. During the last phase of ejection, the
trailing jet is weakly visible and the spanwise velocity profile
within the trailing jet is bell shaped.

The phase-locked evolution of the chevron synthetic jet is
reported in the second and third column of Fig. 7 for the apex
and notch plane, respectively. Starting from ¢ = 60°, the phase at
which the vortex ring is fully visible, it is evident that in the apex
plane at x/D=0.6 the spanwise extension of the region where
(u)/Uy = 75%, is approximately 30% narrower than for the circular
configuration. On the other hand, along the notch plane the span-
wise extension of this region is approximately 20% larger than for
the circular configuration. At this phase, at approximately 0.2 <y/
D < 0.4, close to the jet core, the radial velocity component shows
a motion towards the jet axis in the apex plane and an opposite
motion, away from the jet axis, in the notch plane. These flow com-
ponents are induced by streamwise vortices generated at the root
of the chevron teeth (as discussed in the next section). Increasing ¢,
the strength of both the inward and outward motions reduces
because of the weaker streamwise vortices. At ¢ = 120°, small dif-
ferences in the () component are measured at the trailing jet loca-
tion (see circle in Fig. 7). Both axial and radial velocity maps
suggest a wider shear layer characterized by outflow along the
notch plane and a tighter shear layer characterized by inflow along
apex plane. At ¢ = 168°, no appreciable difference between the two
planes of the chevron jet is detected.

The statistical flow properties are discussed by looking at (TKE),
illustrated in Fig. 8. For the circular configuration, at ¢ = 60° local
high turbulence intensity regions are detected in the vortex-ring
core and across the shear layer between the jet core and the vortex
ring. As the vortex ring moves downstream (¢ = 120°), the (TKE) in
the vortex core increases and the area of high turbulence intensity
becomes wider. The trailing jet is characterized by a high (TKE)
intensity region across the shear layer near the nozzle exit. Further
downstream, at ¢ = 168°, the (TKE) across the trailing jet decreases
its intensity while the region of high (TKE) inside the vortex ring
core spreads towards the jet axis.

The chevron synthetic jet shows a completely different phase
evolution of the (TKE). At ¢ = 60°, along the apex plane local max-
ima of (TKE) are observed in the vortex-ring core and in the region
between the jet core and the vortex ring. Oppositely, in the notch
plane the two regions cannot be distinguished. At ¢ = 120°, the
(TKE) intensity is approximately the same in both the core of the
vortex ring and along the trailing jet. Differently, the circular con-
figuration shows high turbulence fluctuations intensity in the vor-
tex core region. This uniformity in the intensity of the (TKE) is due
to the redistribution of the turbulent kinetic energy between the
two large structures present in the chevron configuration: stream-
wise vortices and non-circular vortex ring (as it will be shown in
the next section). When the vortex convects downstream, at ¢
=168°, the differences between the apex and the notch planes dis-
appear. Furthermore, at this phase, the chevron synthetic jet shows
only one region with relatively high (TKE) near the vortex ring core
whose values are definitely lower than those present in the circular
configuration.

The difference in the spatial and time evolution of the (TKE)
may be explained by looking at the formation and evolution of
the coherent structures, which are reported in the next section.
The circular synthetic jet is characterized by a larger turbulence
intensity in the vortex-ring core than along the shear layer of the
trailing jet. These regions may be caused the by the roll-up of the
vortex ring and by the shear layer generated at the interface
between the jet column and the surrounding environment. At
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Fig. 7. Phase-averaged axial (top) and radial (bottom) velocity components maps for circular (first column) and chevron (apex plane in the second column and notch plane in

the third column) synthetic jets.

more downstream locations (subsequent ¢), the vortex ring dissi-
pates generating a wider and higher turbulence intensity area
[37]. Differently, the chevron synthetic jet is characterized by both
streamwise and azimuthal vortices, as reported in Fig. 12. The for-
mation of the streamwise structures at the notches may explain
the larger intensity of the (TKE) at this location. Differently from
the circular case, at more downstream locations, the (TKE) is less
intense in the vortex-ring core but slightly more intense along
the trailing jet. This may be ascribed to the vorticity redistribution.
As a matter of fact, the vorticity dissipates both along the trailing
jet and the vortex ring-core, resulting in the measured (TKE) pat-
tern. The streamwise vorticity appears to reduce the turbulence
intensity of the vortex ring compared to the circular case. A similar
effect was found by Zaman et al. [20] for continuous chevron jet.
Fig. 9 reports the x-y location per phase of the vortex-ring core
generated in presence of the chevron nozzle exit along the apex
and notch planes. The vortex-ring core location is detected as the
location of maximum intensity of out-of-plane vorticity (w,). In

the figure, data for ¢ < 24° are not reported because the vortex ring
is not fully present in the FOV. During the phase-evolution
(48° < ¢ < 168°) the position of vortex-ring core in the apex plane
is always farther from the jet axis and closer to the nozzle exit with
respect to the notch plane. The distance reduces at the following
phases and at ¢ = 168° both the x and y positions merge. This is
due to the fact that the vortex ring of the chevron synthetic initially
assumes a non-circular shape while, at a more downstream loca-
tion, it tends to a classic circular vortex ring shape, as will be
shown in the next section.

3.3. 3D reconstructions

In order to study the three-dimensional flow organization for
the two investigated configurations, the flow field is reconstructed
by means of scanning Stereo-PIV measurements for three phases
corresponding to ¢ = 84°, 120° and 168°.
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jets.

The circular synthetic jet is characterized by a vortex ring
(Fig. 10) that becomes weaker moving downstream as already dis-
cussed in the previous section and reported in the literature
[16,17]. As a matter of fact, by using the Q criterion [40] to visualize
the vortices, two different iso-surface levels equal to 25 and 15 are
used to visualize the same vortex structure at ¢ = 120° and 168°,
respectively.

More interesting is the flow pattern of chevron synthetic jet. The
effect of the chevron teeth is to re-orient the azimuthal vorticity into
streamwise vorticity (wy) [25] with consequent formation of
streamwise oriented counter-rotating vortices, six for the investi-
gated nozzle configuration, generated at the notches of the chevron
exit (Fig. 11a). These counter-rotating vortices induce extra flow
motions towards the jet axis and far from the jet axis in correspon-
dence of the notches and the apices respectively, as previously dis-
cussed. As a consequence, both the trailing jet and the vortex ring
show a modified shape with respect to the conventional circular pat-

tern. As a matter of fact, by looking at the cross-plane at x/D = 1.75
for ¢ = 84° (Fig. 11b), the vortex ring is azimuthally modulated, as
visualized through the iso-line of Q. The streamwise vortices induce
opposite vorticity within the vortex ring as shown in Fig. 11b. The
presence of appreciable values of «w, within a vortex ring may induce
the phenomenon of the axis-switching [22]. However, the mutual
interaction between streamwise and azimuthal prevents the self-
deformation of the vortex ring in agreement with Zaman [23]. For
this reason, the vortex ring convects downstream keeping
unchanged its topology up to ¢ = 120° (where the vortex ring core
is at approximately x/D = 3 from the nozzle exit). At a later stage of
the ejection phase, both the streamwise vortices and the vortex ring
become weaker; when the streamwise oriented counter-rotating
vortices disappear (¢ = 168°) the vortex ring shows a circular shape
(Fig. 12b). The evolution reflects the behaviour of non-circular jet to
develop into an axisymmetric structure, as also seen by Gutmark
and Grinstein [41].
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4. Conclusions

The circular and chevron synthetic jets flow field has been
experimentally studied by means of Stereo-PIV.

The comparison of the time-average behaviour between the
chevron and the circular flow field shows that the former is char-
acterized by a higher axial velocity along the jet axis with maxi-
mum located 0.4 D more downstream. After the velocity peak,
the mean velocity along the axis decreases differently between
the two configurations: as x~! for the circular jet, and x %3 for
the chevron one. The chevron synthetic jet shows two different
behaviours in the apex and notch planes. Indeed, the time-
averaged axial velocity component profile in the apex plane has a
width smaller than the circular synthetic jet, while in the notch
plane it is larger. Furthermore, the change of the lateral slope in
the spanwise profile is present in the apex plane while is not visi-
ble in the notch plane. At x/D > 3, the profiles along the two planes
are similar and the spanwise profile of the axial velocity is bell-
shaped as for the circular jet.

The time-averaged TKE distribution presents local maxima in
correspondence of the vortex ring and of the shear layer between
the trailing jet and the external quiescent ambient. For the circular
synthetic jet, TKE intensity associated with the vortex ring is larger
than the one associated with the shear layer. An opposite beha-
viour is measured in presence of the chevron synthetic jet. More-
over, for x/D > 1.5, the chevron exit generates a jet with lower
TKE intensity with respect to the circular one.

The different exit shape strongly affects the topology of the
coherent vortex structures present in the flow field. In the circular

Fig. 10. Three-dimensional reconstruction of the flow field at phase (a) 120° and (b) 168° for circular synthetic jet. Red iso-surface with QD?/U? = 25 and green iso-surface

with QD?/U% = 15.
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one) and 10 (light blue one) and w, iso-surfaces equal to —4 (blue ones) and 4 (yellow ones) are represented. (For interpretation of the references to color in this figure legend,

the reader is referred to the web version of this article.)

configuration, the flow field is only characterized by a vortex ring
convecting downstream. This vortex structure dissipates its energy
moving downstream generating high intensity TKE regions that
penetrates towards the jet axis. Differently, the chevron synthetic
jet configuration presents a more complex flow field characterized
by streamwise vortices that alter the shape of the vortex ring.
However, the mutual interaction between the coherent structures
avoids the onset of the axis-switching phenomenon. During its
evolution, for x/D > 3, the streamwise vortices disappear and the

azimuthal coherent vortex structure assumes a circular shape. Dif-
ferently from the circular configuration, the TKE intensity gener-
ated by the vortex ring decreases as it convects downstream.
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